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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
New concept of high-strain-rate processes in solids is developed using the nonlocal theory of nonequilibrium 
transport. The interdisciplinary theoretical approach is constructed on the base of nonequilibrium statistical 
mechanics and cybernetic physics proposes integral mathem tical models accounting spatiotemporal correlations 
which give rise to the system structurization under dynamic external loading. Cybernetic methods are used to 
describe the system evolution according to the internal control. In the framework of the theory a general integral 
stress-strain relationship depending on the strain-rate and the external pulse duration describes both the elastic 
medium reaction to an external loading and a transition to plastic flow. The model shows the difference between the 
shock loading and continuous one which is growing with the loading strain-rate. Constructed on the integral 
relationship a model of elastic-plastic shock-induced wave changing its waveform during its propagation along a 
material, is able to describe all complex of the experimentally observed laws that cannot be explained in scope of the 
conventional continuous mechanics. 
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1. Introduction 
The linear approach based on the conviction that result of the net effect is a sum of individual effects, and that the 
response is directly proportional to the effect, was ruling in science for many centuries. Linear mathematical models 
imply unambiguous determinism as the consequence is uniquely determined by the reason. The processes described 
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by the laws are stable, valid for the systems near equilibrium and well reproduced in experiments. However, for 
high-rate nonequilibrium processes the linear approach fall down, response to the effect begin to retard from its 
reason and can be spread over space. The dynamic complexity can arise due to multiple interactions of an open 
system with its surrounding. It is impossible to separate an influence of the individual factor among all the rest 
effects because of close-loops formed in the system. Retarding and collective responses to the effects lead to the 
system instability and fluctuations. The occurrence of oscillations and instabilities reduce the control opportunity 
and obstruct the system study. 
High-strain-rate deformation of solids can be referred to nonequilibrium processes.  It is accompanied by a whole 
complex of multistage and multiscale relaxation and energy exchange processes that make the medium reaction to an 
external loading abnormal from the point of view of continuous mechanics. The mechanisms of the impulse and 
energy exchange between different degrees of freedom at different temporal and special scales are various and not 
entirely understood till present. As a result such conventionally constant medium characteristics as the elastic 
modules become functionals of the straining and depending on the strain-rate. For the short duration shock loading 
the inertial forces and collective effects play more important role than the potential interaction. As experiments on 
the shock loading of solids (Meshcheryakov et al. (2008)) show that all these special features make the continuous 
mechanics approaches invalid for high-rate processes. Numerous attempts to construct a general theory of the 
nonequilibrium transport encountered an obstacle – the inadaptability of the near-equilibrium thermodynamics and 
continuum mechanics to the processes far from equilibrium on the one hand and the inability to develop a closed 
theoretical approach to the structure formation on the other hand. 
2. New interdisciplinary approach to nonequilibrium transport in condensed media 
Experimental results on the shock loading of solid materials (Meshcheryakov and Divakov (1994), Furnish et al. 
(2003), Meshcheryakov et al. (2008)) had demonstrated that dependences of the waveforms and threshold of 
structure instability on strain-rate, target thickness and state of the material structure cannot be described using the 
conventional continuum mechanics approach. Structural studies of targets after the shock loading revealed new 
internal structures formation at mesoscale that could change macroscopic strength of the material. It is clear that 
structure formation processes cannot be described within continuum mechanics concepts. 
In nonequilibrium statistical mechanics Richardson (1960), Piccirelli (1968), Zubarev (1972) from the first 
principles proved that the transport equations cannot be localized (i.e. to be differential equations) far from 
thermodynamic equilibrium because of the memory and nonlocal effects. The determining relationships between 
thermodynamic fluxes and forces valid far from equilibrium should be integral. The nonlinear, nonlocal and memory 
effects are included into the relations by means of spatiotemporal correlation functions incorporated as a kernel into 
the integral.  
New interdisciplinary approach to nonequilibrium transport developed by Khantuleva (2003), (2013) on the base 
of nonequilibrium statistical mechanics and cybernetic physics proposes integral mathematical models far from 
equilibrium outside the conception of continuum mechanics. Within the approach the observed system 
structurization under dynamic external loading can be explained from the thermodynamic point of view. New 
mesoscopic structures introduce the internal close-loops and control into the system far from equilibrium. Unlike 
conventional mathematical models of dynamic processes the integral cybernetic models can change their type 
together with time and the changing external effects and therefore be able to describe transitions between different 
loading regimes. So, as long as physicists would use differential rigid models for high-rate processes, the gap 
between fundamental science and practice will not overcome. 
The developed nonlocal theory of nonequilibrium transport processes gave rise to a new concept of shock-wave 
processes in condensed matter as nonequilibrium transition processes able to change mechanical properties of a 
medium. The constructed integral model of elastic-plastic wave has been shown to reproduce all experimentally 
observed dependences, describes the elastic precursor relaxation and the plastic front formation as an aftereffect by 
general formula. 
The proposed model describes the wave front evolution during its propagation inside the material by methods 
developed by Fradkov (2003) in cybernetics physics. A feedback between the changing internal structure and the 
mechanical properties of a medium gives rise to an internal control. Minimization of the entropy generation rate 
determines the direction of the system evolution and the velocity gradient algorithm gives its trajectories and the 
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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by the laws are stable, valid for the systems near equilibrium and well reproduced in experiments. However, for 
high-rate nonequilibrium processes the linear approach fall down, response to the effect begin to retard from its 
reason and can be spread over space. The dynamic complexity can arise due to multiple interactions of an open 
system with its surrounding. It is impossible to separate an influence of the individual factor among all the rest 
effects because of close-loops formed in the system. Retarding and collective responses to the effects lead to the 
system instability and fluctuations. The occurrence of oscillations and instabilities reduce the control opportunity 
and obstruct the system study. 
High-strain-rate deformation of solids can be referred to nonequilibrium processes.  It is accompanied by a whole 
complex of multistage and multiscale relaxation and energy exchange processes that make the medium reaction to an 
external loading abnormal from the point of view of continuous mechanics. The mechanisms of the impulse and 
energy exchange between different degrees of freedom at different temporal and special scales are various and not 
entirely understood till present. As a result such conventionally constant medium characteristics as the elastic 
modules become functionals of the straining and depending on the strain-rate. For the short duration shock loading 
the inertial forces and collective effects play more important role than the potential interaction. As experiments on 
the shock loading of solids (Meshcheryakov et al. (2008)) show that all these special features make the continuous 
mechanics approaches invalid for high-rate processes. Numerous attempts to construct a general theory of the 
nonequilibrium transport encountered an obstacle – the inadaptability of the near-equilibrium thermodynamics and 
continuum mechanics to the processes far from equilibrium on the one hand and the inability to develop a closed 
theoretical approach to the structure formation on the other hand. 
2. New interdisciplinary approach to nonequilibrium transport in condensed media 
Experimental results on the shock loading of solid materials (Meshcheryakov and Divakov (1994), Furnish et al. 
(2003), Meshcheryakov et al. (2008)) had demonstrated that dependences of the waveforms and threshold of 
structure instability on strain-rate, target thickness and state of the material structure cannot be described using the 
conventional continuum mechanics approach. Structural studies of targets after the shock loading revealed new 
internal structures formation at mesoscale that could change macroscopic strength of the material. It is clear that 
structure formation processes cannot be described within continuum mechanics concepts. 
In nonequilibrium statistical mechanics Richardson (1960), Piccirelli (1968), Zubarev (1972) from the first 
principles proved that the transport equations cannot be localized (i.e. to be differential equations) far from 
thermodynamic equilibrium because of the memory and nonlocal effects. The determining relationships between 
thermodynamic fluxes and forces valid far from equilibrium should be integral. The nonlinear, nonlocal and memory 
effects are included into the relations by means of spatiotemporal correlation functions incorporated as a kernel into 
the integral.  
New interdisciplinary approach to nonequilibrium transport developed by Khantuleva (2003), (2013) on the base 
of nonequilibrium statistical mechanics and cybernetic physics proposes integral mathematical models far from 
equilibrium outside the conception of continuum mechanics. Within the approach the observed system 
structurization under dynamic external loading can be explained from the thermodynamic point of view. New 
mesoscopic structures introduce the internal close-loops and control into the system far from equilibrium. Unlike 
conventional mathematical models of dynamic processes the integral cybernetic models can change their type 
together with time and the changing external effects and therefore be able to describe transitions between different 
loading regimes. So, as long as physicists would use differential rigid models for high-rate processes, the gap 
between fundamental science and practice will not overcome. 
The developed nonlocal theory of nonequilibrium transport processes gave rise to a new concept of shock-wave 
processes in condensed matter as nonequilibrium transition processes able to change mechanical properties of a 
medium. The constructed integral model of elastic-plastic wave has been shown to reproduce all experimentally 
observed dependences, describes the elastic precursor relaxation and the plastic front formation as an aftereffect by 
general formula. 
The proposed model describes the wave front evolution during its propagation inside the material by methods 
developed by Fradkov (2003) in cybernetics physics. A feedback between the changing internal structure and the 
mechanical properties of a medium gives rise to an internal control. Minimization of the entropy generation rate 
determines the direction of the system evolution and the velocity gradient algorithm gives its trajectories and the 
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evolution velocity. For quasi-stationary wave propagation projections of the trajectories on the control parameters 
plane are straight lines different for each material, and all experimental points fall on them. So, such an 
interdisciplinary approach is able to predict a system response to the shock loading followed by a complex of multi-
scale and multi-stage energy exchange and relaxation processes.     
3. Integral model of the shock-induced elastic-plastic waveform propagation 
A problem on the shock-induced elastic-plastic wave propagating in condensed medium has been solved by 
Meshcheryakov and Khantuleva (2015). The conception of the shock-induced elastic-plastic transition based on the 
nonlocal theory radically differs from the conventional. Therefore it is necessary to clarify the main points of the 
proposed approach partly following the results of the paper.  Within the nonlocal theory of nonequilibrium transport 
processes (Khantuleva (2013)) in case of the plane shock loading when the induced wave propagates along x -axis 
the integral relationship between longitudinal stress component 1( . )J x t  and the strain-rate /e v x    ( v  is the 
mass velocity) takes a form  
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Here 0 is initial unperturbed density, C  is longitudinal sound velocity defined by the relationship 
2 4 / 3C K G   , where ,K G  are volume compression and shear elastic modules. Rt  is typical loading time 
(force acts over a period Rt ) that is not included in conventional deformation models, L  is typical distance from the 
impact surface (target thickness). The correlation function ( . ; . )R x x t t   describes the impulse relaxation, inertial and 
collective effects. R  depends on the parameters: typical shear relaxation time rt  and length r rl Ct /L . Relaxation 
of shear degrees of freedom considers to be irreversible process which determines the impulse relaxation whereas 
the volume relaxation going much slower, should be considered frozen. Unlike differential wave models, the 
integral relationship (1) determines the stress component 1( . )J x t  at a spatiotemporal point by the strain-rate history 
all over the wave. Due to the inertial and relaxation effects in dense medium, the pulse duration can essentially 
exceed the loading time Rt . So, during the loading, impulse accumulates in the medium and relaxes after the 
loading.  
In the reference connected to the elastic precursor running at the constant longitudinal sound velocity C , 
 / / , /Rt x C t x L     , an essential simplification of the nonlocal model for the impulse transport (1) is gained 
on the condition   // resulted from the evaluation / / 1RCt L    . Here parameters of relaxation, 
retardation and nonlocality are introduced: /r Rt t  , /m Rt t  , /rCt L  . In the linear approximation with 
respect to the parameter / 1v C   mass and impulse transport equations can be written as follows 
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The impulse transport equation with the terms of the order / 1    neglected results an equation for the mass 
velocity in the wave with the model integral kernel depending on the parameters ,   
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The equation (4) describes waveform evolution accompanied by relaxation of the elastic precursor and 
retardation of the plastic front in terms of the parameters ( ), ( )x x   at the distance x   traveled by the wave. In 
the elastic limit , 1     (4) becomes an identity. Due to the parameters ( ), ( )x x   the velocity ( ; , )v    in the 
left side of (4) differs from that under the integral in the right side 0 0( ; , )v    , where parameters 0 0,   correspond 
to a previous waveform. It means that stress and strain relate to different spatial points. So, the integral operator in 
(4) plays a role of an evolution operator that describes the waveform evolution during its propagation.   
The integral equation (4) can be solved by using an iteration method. Substitution of an initial waveform 
0 0( ; , )v     into the right-hand side of (4) results in an approximate solution to (4). Unlike the usually used 
rectangular initial waveform, the normalized average acceleration during impact is introduced: 0 0 // 1RV tv    .  
Substitution of the initial acceleration into (4) results in an explicit solution for the mass velocity waveform  
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Here instead of the acceleration the initial strain-rate / /e v v C       is used. During the shock loading 
(5) describes a formation of the elastic precursor relaxing during the wave propagation. For large values of the 
relaxation parameter   when / 0, / 0    , the medium reaction become elastic, and for the small ones it 
corresponds to reaction of liquids. The aftereffects (6) correspond to the plastic front forming due to the shear 
relaxation and retarding from the precursor due to the medium inertia. For large values of   when 
/ , /       only elastic waves propagate at the velocity C , and for the small ones the aftereffects 
disappear. In the intermediate case the solution (6) describes a reaction of the structured medium. The non-stationary 
two-wave front is forming without previous division of the stress into elastic and plastic parts. Fig.1 shows the 
waveforms (5)-(6) that adequately describe all the experimentally observed effects related to the elastic-plastic wave 
propagation.  
4. Difference between continuous deformation and aftereffects 
The solution (5)-(6) relates the stress inside the running wave to the initial strain-rate induced by the shock. The 
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 characterizes the rise-time of the plastic front. During the time interval   the shear relaxation is already 
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evolution velocity. For quasi-stationary wave propagation projections of the trajectories on the control parameters 
plane are straight lines different for each material, and all experimental points fall on them. So, such an 
interdisciplinary approach is able to predict a system response to the shock loading followed by a complex of multi-
scale and multi-stage energy exchange and relaxation processes.     
3. Integral model of the shock-induced elastic-plastic waveform propagation 
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Meshcheryakov and Khantuleva (2015). The conception of the shock-induced elastic-plastic transition based on the 
nonlocal theory radically differs from the conventional. Therefore it is necessary to clarify the main points of the 
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processes (Khantuleva (2013)) in case of the plane shock loading when the induced wave propagates along x -axis 
the integral relationship between longitudinal stress component 1( . )J x t  and the strain-rate /e v x    ( v  is the 
mass velocity) takes a form  
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waveforms (5)-(6) that adequately describe all the experimentally observed effects related to the elastic-plastic wave 
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The solution (5)-(6) relates the stress inside the running wave to the initial strain-rate induced by the shock. The 
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neglected. Unlike the conventional approaches to the shock-induced processes, the plastic front should be 
considered as the relaxation front resulted from the retarding reaction of condensed matter to the high-rate loading 
as Gilman (2002) supposed. 
Fig. 2 shows the fundamental difference between quasi-static and shock loading. According to the solution (4), 
during the shock loading the elastic precursor reaches its maximal amplitude at the time Rt t  and after that the 
shear relaxation forms the plastic front. During the slow continuous loading at the constant strain-rate no two-wave 
front forms, one front arises and beyond the elastic limit becomes plastic. Comparison of the two type loading at the 
same maximal amplitude shows that the strain-rate during the continuous loading should be approximately 25 times 
lower than during the shock. Because of the aftereffects in dynamic processes the time can not be excluded from the 
stress-strain relationship.  
 
5. Stress-strain dependence for high-rate straining 
 
Since the experiments on the shock loading of solids have shown that elastic modules of a medium can change 
with the strain-rate, again there was a problem on uni-axial deformation. From the point of view of continuous 
mechanics the problem was considered long ago. One of those who suggested a solution to the problem was D. 
Wood (1952). Supposing that strain components are divided into elastic and plastic parts and the relationship 
between stress and plastic deformation does not depend on the strain-rate, he derived stress-strain relationship  
 
2
0 0 ( )elastic plasticJ C e e   ,                                                             (7) 
 
where terms describe the elastic volume compression and shear resistance respectively. The functional dependence 
on plastic deformation is found by recalculation of the experimental relationships for the simple tension-
compression of thin rods. The obtained formula is valid in rather wide range of processes at moderate strain-rates. 
However, experiments on the high-velocity shock loading of solid materials (Meshcheryakov (1994), Furnish 
(2003)) had shown that the material response to high-rate loading considerably depends on the rate and duration of 
loading. The loading regime can change the yield point compared to the low-velocity deformation. As far as the 
dynamic yield point is not known a priori, it becomes impossible to divide both strain and stress components into 
elastic and plastic parts. Then it becomes clear that recalculation of the results for rods to high-rate plane straining 
considers to be incorrect. the collective interaction whereas Unlike the conventional approaches which usually deal 
only with the potential interaction, a description of the retarding medium reaction to high-rate loading should take 
into account the inertia forces, memory effects and collective interaction.  
For the case of the constant high-strain-rate, the stress-strain relationship can be obtained using the solution for 
continuous loading (5). Equation (5) in the limit   leads to a linear stress-strain relationship 
2
1 0 0J Cv C e     like in the linear elasticity theory. However, for the plastic deformation retarding from the 
loading, the conventional treatment of the strain concept should be revised. It must be noticed that there is no need 
use the deformation concept outside the elastic region. Moreover, in dynamic processes only the mass velocity can 
be measured in real time and therefore it can be used in a much wider range of loading conditions. 
                         
                          
Fig.2. (a) two waveforms 10, 30    , 1e  (upper), 0.04e  (lower);  (b) stress-strain relationship for uni-axial continuous loading 
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According to the conventional scheme, the linear elastic stress-strain relation 21 0J C e   is depicted on the plane 
by a straight line from the origin. At the yield point 20Y YJ C e    the line breaks, its inclination angle changes 
2 2
1 0 0 ( )Y o YJ C e C e e    , where the volume compression modulus 2 20 0 0C C   again defines the linear stress-
strain dependence. The yield point corresponds to the elastic-plastic transition. For high-strain-rate loading the 
transition region should be considered. Unlike the quasi-static loading the solution (5) includes the dependence of 
the stress on the strain-rate. In case of continuous loading the constant strain-rate gives the strain e e  , and the 
relationship (5) gives the stress  
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When the shear relaxation is already completed at the yield point Ye e , the volume relaxation is still frozen.  
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It can be seen that the yield limit Y  in dynamic process depends on the strain-rate e  and can differ from its quasi-
static value. Fig. 2(b) shows the stress-strain diagram at the constant high-strain-rate through the regimes including 
the elastic-plastic transition.  
 
6. Quasi-stationary wave propagation 
 
The relaxation and retardation parameters of the integral model ( ), ( )x x   can be found immediately from the 
experimentally measured velocity profiles at the given target thickness x . For the developed two-wave fronts the 
retardation parameter  corresponds to the temporal width of the relaxation front. Having the value of parameter 
 it is easy to calculate the value of the parameter  through the measured amplitude of the elastic precursor 
 2 2exp /ea    . Each pair ,   corresponds to the velocity profile at a distance traveled by the wave as it 
propagates along the material. All experimental points thus obtained for different target thicknesses and applied to 
the phase plane of the parameters ( ), ( )x x  result in a trajectory of the waveform evolution during its propagation.  
Fig. 3(a) shows two linear trajectories for two series of experiments on the shock loading at the impact velocity in 
between the interval 200÷400 m/s and different target thicknesses for two materials: 30ХН4М steel and Д16 
aluminum alloy. Both trajectories are straight lines under different angles to axis depending on the material elastic 
limit. Each phase point moves along the trajectory away from the coordinate origin during the wave propagation. 
The plateau of the plastic front increasingly retards from the elastic precursor which amplitude after relaxation 
remains constant. The last condition implies only straight trajectories k   , k connected to the inertial material 
properties. The evolution trajectories for aluminum alloy D-16 ( 0.84   ) and steel 30ХН4М ( 0.67   ) 
presented on Fig.3(a) are different.The rate of the retardation can be evaluated from experimental data as follows: 
  0/ ( / ) 5000 /plC x x C m s C    . It means that all experimental data correspond to the quasi-stationary regime 
of wave propagation when the plastic front moves at the constant velocity and the amplitude of the elastic precursor 
has a constant value. As phase points run away from the origin along its trajectories, the material after the loading 
tends to return to its initial solid state.  
 
7. Internal control in the waveform evolution during its propagation 
 
Until recently cybernetic approaches are rarely found in physical studies. Classical physics was a descriptive 
science, and the cybernetics task is to transform systems through control actions in order to form a prescribed 
behavior. The physical processes near equilibrium which could be described by the linear deterministic models of 
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neglected. Unlike the conventional approaches to the shock-induced processes, the plastic front should be 
considered as the relaxation front resulted from the retarding reaction of condensed matter to the high-rate loading 
as Gilman (2002) supposed. 
Fig. 2 shows the fundamental difference between quasi-static and shock loading. According to the solution (4), 
during the shock loading the elastic precursor reaches its maximal amplitude at the time Rt t  and after that the 
shear relaxation forms the plastic front. During the slow continuous loading at the constant strain-rate no two-wave 
front forms, one front arises and beyond the elastic limit becomes plastic. Comparison of the two type loading at the 
same maximal amplitude shows that the strain-rate during the continuous loading should be approximately 25 times 
lower than during the shock. Because of the aftereffects in dynamic processes the time can not be excluded from the 
stress-strain relationship.  
 
5. Stress-strain dependence for high-rate straining 
 
Since the experiments on the shock loading of solids have shown that elastic modules of a medium can change 
with the strain-rate, again there was a problem on uni-axial deformation. From the point of view of continuous 
mechanics the problem was considered long ago. One of those who suggested a solution to the problem was D. 
Wood (1952). Supposing that strain components are divided into elastic and plastic parts and the relationship 
between stress and plastic deformation does not depend on the strain-rate, he derived stress-strain relationship  
 
2
0 0 ( )elastic plasticJ C e e   ,                                                             (7) 
 
where terms describe the elastic volume compression and shear resistance respectively. The functional dependence 
on plastic deformation is found by recalculation of the experimental relationships for the simple tension-
compression of thin rods. The obtained formula is valid in rather wide range of processes at moderate strain-rates. 
However, experiments on the high-velocity shock loading of solid materials (Meshcheryakov (1994), Furnish 
(2003)) had shown that the material response to high-rate loading considerably depends on the rate and duration of 
loading. The loading regime can change the yield point compared to the low-velocity deformation. As far as the 
dynamic yield point is not known a priori, it becomes impossible to divide both strain and stress components into 
elastic and plastic parts. Then it becomes clear that recalculation of the results for rods to high-rate plane straining 
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According to the conventional scheme, the linear elastic stress-strain relation 21 0J C e   is depicted on the plane 
by a straight line from the origin. At the yield point 20Y YJ C e    the line breaks, its inclination angle changes 
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strain dependence. The yield point corresponds to the elastic-plastic transition. For high-strain-rate loading the 
transition region should be considered. Unlike the quasi-static loading the solution (5) includes the dependence of 
the stress on the strain-rate. In case of continuous loading the constant strain-rate gives the strain e e  , and the 
relationship (5) gives the stress  
2
0 erf erf2
e e
J
e
C
     
 
       

 .                                                    (8) 
 
When the shear relaxation is already completed at the yield point Ye e , the volume relaxation is still frozen.  
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continuum mechanics were low-rate and characterized by comparatively large spatiotemporal scales. However, 
high-rate processes far from equilibrium are followed by the complicated internal structure effects that make the 
system reaction nonlinear, probabilistic and introduce a feedback between the system structure and its reaction to an 
external action. The system become unstable and evolves in the direction of the more equilibrium states under the 
externally imposed conditions. Then there appears a close-loop as an internal control with thermodynamically 
determined goal indicating a direction of the system evolution. In equilibrium the integral entropy generation 
resulted in the system after all the processes completed (this term was introduced by Lucia (2013)) has its maximal 
value. The rate of the entropy generation during relaxation processes tends to zero. After the last one is chosen as a 
control goal, the methods of the control theory can be applied to construct algorithms describing the way to reach 
the goal. One general approach is called speed-gradient method designed for the control problems of continuous-
time systems (Fradkov et al, 1999).  
For the elastic-plastic waveform evolving as it propagates along the material, the local entropy production , the 
integral entropy generation S and the rate of the entropy generation /dS dx  are as follows 
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For the solution (6) the mass velocity on the wave plateau is constant ( ) 1v   . However, experimental measuring of 
the elastic-plastic waveforms at different target thicknesses and at the approximately equal shock velocity 
(Meshcheryakov and Khantuleva, 2015) show that for the shock velocities more 190 m/s there is observed a loss of 
the impulse amplitude that cannot be explained by dissipation effects. Such energy losses were also found out by 
Ravichandran (2002) for high-rate deformation of solids and earlier collected by Bever (1973). Taking into account 
the loss through the last term in the impulse transport equation (2) neglected in the solution (6), one can get in the 
linear approximation  
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Empiric coefficients , 0g g    define a rate of the waveform evolution connected to the structural and inertial 
material properties. Fig. 3(b) shows a path of the steepest descent from the surface F for the wave evolution in 
aluminum target. All experimental points go down the surface as the target width grows. 
                            
Fig.3. (a) Phase trajectories of waveforms evolution for steel (1) and aluminum target (2); (b) path of steepest descent on the surface F. 
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Conclusions 
The proposed approach to modeling of high-strain-rate processes based on the nonlocal theory of nonequilibrium 
transport and cybernetic physics allows an adequate description in a wide range of the loading conditions including 
transitions between different regimes of deformation. Unlike conventional models within continuous mechanics the 
integral model relationships between stress, strain and strain-rate depend on the loading conditions and take into 
account aftereffects arising due to inertial effects of condensed matter. In particular, the dependence of the yield 
limit on the strain-rate is obtained. The integral models do not require separation of stress and strain components 
into elastic and plastic parts a priori. Methods of cybernetic physics describe the time evolution of nonequilibrium 
systems under imposed conditions. The evolution trajectories allow a prediction of macroscopic properties of the 
system after the loading in the future.  
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